The structural continuity of fully integral bridges entails many advantages and some drawbacks. Among the latter, the cyclic expansions and contractions of the deck caused by seasonal thermal variations impose alternating displacements at the piers and abutments, with effects that may be difficult to establish reliably. The advantages include easier construction and cheaper maintenance but, especially, horizontal loads can be transmitted to the ground in a much better way than in conventional bridges. This paper first presents a methodology for dealing with the problems that the cyclic displacements imposed raise at the abutments and at the bridge piers. At the former, large pressures may develop, possibly accompanied by undesirable surface settlements. At the latter, the degree of cracking and the ability to carry the specified loads may be in question. Having quantified the drawbacks, simplified but realistic analyses are conducted of the response of an integral bridge to braking and seismic loads. It is shown that integral bridges constitute an excellent alternative in the context of the requirements posed by new high-speed railway lines.
Introduction
It could be said that for many centuries mankind built only integral bridges, although their reintroduction is less than a century old. The essential characteristic of an integral bridge is the absence of structural discontinuities, such as expansion joints and sliding supports. As a consequence, the expansions and contractions of the deck affect the abutments and piers; such effects are minimised in a conventional bridge.
On the other hand an integral design offers the advantages associated with structural monolithism: all piers and abutments can collaborate towards a distributed transmission of the horizontal loads to the ground; also, the redundancy of the structure produces a more desirable global response and contributes ductility to the potential failure modes. The ability to transmit large horizontal forces to the ground in an orderly manner is particularly significant in railway bridges, which must be designed to withstand considerable loads from the emergency braking of trains, as well as those arising from seismic action. Apart from those advantages, the absence of joints and bearings makes construction easier and faster, and also results in maintenance savings.
Jointless highway bridges are relatively common in many parts of the world, with the United States accounting for at least 13 000 of them. In the United Kingdom bridge decks up to 60 m in length with skews below 30° are generally required to be continuous over intermediate supports and integral with their abutments. 1 However, in spite of this wealth of experience, the design rules vary widely. A recent report 2 gave the results of a survey sent to all the transportation agencies in the United States and Canada, which was answered by 34 in the United States and one in Canada: jointless bridges made of prestressed concrete have their dimensions limited to lengths ranging from 45,7 to 358 m, their skew angles from 15 to 70°, and their curvatures from 0° to no limit. The inevitable conclusion from such variety of criteria in a relatively close geographical environment is that there is only limited common understanding as to how integral bridges perform and what are the mechanisms that may eventually fail them.
In Spain the length of integral highway bridges is not specifically limited, but the horizontal displacements of the deck cannot exceed 30 mm, which in practice limits the length to about 100 m, even before accounting for shrinkage and creep. 3 And there are also other limitations, like 60° on skew and a radius of curvature that must exceed ten times the deck width.
In spite of the relative scarcity of national criteria, and the at-times conflicting character of the existing ones, it is a fact that in recent years integral bridges have become increasingly popular in Europe. [4] [5] [6] 
Abutment Behaviour
One of the difficult questions posed by integral bridges is the behaviour of the abutments, whether the ground is a compacted fill or a soil-cement mixture, and its interaction with the abutment wall. Indeed, apart from the effects of shrinkage and creep, seasonal temperature changes cause cyclic lengthening and shortening of the deck, which has both cyclic and cumulative effects on the soil-structure interaction that occurs at the abutments. The main concerns are that pressures developed between the abutment wall and a compacted fill may grow to values as high as eight times the vertical pressure and that undesirable surface settlements may also occur.
The above questions have been looked at by a number of investigators, both in laboratory experiments and in the field 8 . The results have been progressively incorporated in design guides and recommendations, but once again the published comparisons of their provisions regarding the passive earth pressure coefficients recommended for design, bear witness to a fair diversity of opinions. [9] [10] One seemingly clear observation is that the earth pressure coefficient does not tend towards a uniform value in the abutment wall. 711 This observation is consistent with the fact that the earth pressure coefficient appears to be affected by the size of the imposed displacements and the number of cycles. Indeed the coefficient initially increases with the number of cycles, but the relation tends to saturate and the value of the coefficient eventually stabilises. On the other hand, if the movements are small, the coefficient will not approach its maximum value of about 8 however large the number of cycles. As can be seen in Fig. 1 , the simple hypothesis that the coefficient is proportional to the displacement up to a value of 8, leads to a reasonable approximation of the values reported 7 for large numbers of cycles.
The evolution of wall pressures, linked to progressive compaction and arching effects in the backfill, has been studied 12 and while useful insights have been provided into the compaction taking place. The related development of surface settlements also requires that the cyclic motions exceed a certain threshold.
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To examine these issues, the model shown in Fig. 2 1516 was assumed to be 0,5. The abutment wall was subjected to rotations of total amplitude 0,002 rad, which is roughly equivalent to a 33°C temperature change in a 120 m deck.
The problem was studied with the finiteelement code Abaqus/Standard. 17 The analysis sequence consisted of applying first the gravity loads, then 0,001 rad in the active direction, followed by 0,001 rad in the passive direction, and finally evaluating the expected evolution with increasing numbers of cycles. To simulate the progressive effects of cycling, a heuristic approach was followed, in which the effective Young's modulus of the fill was made to depend on the number of cycles and on the size of the pressure oscillation caused in the first cycle. The parameters of the relations were derived using the experimental results quoted before.
Following the above procedure, the values computed for the passive pressures that develop against the abutment wall 0,0
Fig. 2: Finite-element mesh and dimensions
compare well with the experimental determinations as quoted above. The maximum contact pressures tend to develop towards the central part of the wall. Also, the results allow calculating a mean earth pressure coefficient for the complete wall; its evolution during the first load cycle appears in Fig. 3 , while that of its peak passive value with increasing numbers of cycles is shown in Fig. 4 . To provide a description of the long term predictions of the model, Fig. 5 presents the distribution of contact pressures at the abutment after 100 yearly cycles; the displacements in the figure are magnified for easier visualisation.
Response of the Piers
The second problem posed by integral bridges concerns the effects caused by the imposed displacements on the bridge piers. In order to study this problem two types of piers have been considered, both with a height of 12 m. The concrete is C-30/37 concrete and the reinforcement steel is ductile B-500 steel. The concrete has been characterised with a Young's modulus of 29 GPa, a Poisson's ratio of 0,2, strengths of 30 MPa in compression and 2,9 MPa in tension, and a fracture energy of 100 N/m. As concrete behaviour depends on the applied compression, an assumption must be made in this respect; here each of the two circular columns was assumed to be carrying a compressive load of 7,84 MN from the weight of the deck, while the rectangular wall carries double that value, 15,68 MN. Its behaviour has been represented with the model implemented in Abaqus 17 to represent plastic damage.
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The reinforcing steel has a Young's modulus of 200 GPa, Poisson's ratio of 0,3, yield stress of 500 MPa and an ultimate stress of 550 MPa attained with 0,1 strains.
Pier rotations were assumed to be constrained both at the base and at the connection with the deck. With this configuration, the relative displacements between the top and the base of the piers were gradually increased and the response of the piers was carefully investigated.
The finite-element meshes constructed had between 170 000 and 200 000 elements, representing the concrete and the reinforcing bars. Abaqus/Explicit was used in this case to analyse the structural response to progressively increasing differential displacements between the top and the base of the piers. Tests were carried out with different mesh refinements to ensure the reliability of the results.
Typical crack spacings turned out to be around 200 mm for both circular and rectangular piers; as an example, Fig. 6 shows a detail of the cracking pattern calculated for the circular piers. The analyses provided a realistic picture of the bar-concrete interaction near and between the cracks developed in the concrete. However, the more important results are the ones shown in Fig. 7 for the pair of piers with a circular cross-section and Fig. 8 for the pier of rectangular section; the figures describe the evolution of the force for increasing relative displacements. Several particularly significant events have been highlighted in the forcedisplacement curves: the onset of concrete cracking, the points at which crack widths reach certain thresholds and the onset of plastic yielding of the reinforcing bars. The progress of crack width with increasing relative displacements is shown in Fig. 9 for the two types of piers considered. Although the details are not given here, the force-displacement curves generated are consistent with those provided by existing concrete codes.
As a result of these investigations, it must be concluded that the phenomena of interest can be modelled with considerable detail. 
Behaviour with Braking and Seismic Loads
Having studied to some extent the events taking place at the piers and the abutments, the question of real interest is how the overall bridge performs, particularly in relation with the two more significant loads, which are the ones generated by braking trains and by seismic action. To do this, a finiteelement model was constructed of the five-span bridge shown in Fig. 10 . The bridge deck was characterised with a Young's modulus of 30 GPa. For the piers, curves generated earlier were utilised, describing force versus displacement and crack width versus displacement; the piers were considered unable to impose any bending restrictions on the deck. Also from the previous investigations, the stiffness of the abutment for longitudinal displacements was taken as 75 GN/m, limited to a maximum force of 3 GN; this was supplemented with a dashpot providing 10% damping to simulate the impedance of the ground beyond the abutment.
A model of the bridge was constructed with Abaqus/Standard, simply using beam elements for the deck with the appropriate characteristics and introducing at the piers and the abutments the non-linear support conditions mentioned in the previous paragraph.
Deformations are imposed on the deck from shrinkage, creep and temperature variations. In practical situations the first two may add to 500 |J£, while the thermal cycles would contribute ±300 |j£. In the present case it was assumed that the previous deformations combine to a total of 800 |j£, which would make the deck separate from the abutments. The peak displacements produced in the piers, about 60 mm, are insufficient to produce 0,3 mm cracks.
The assumed loads from emergency braking, following the existing rules, add up to 4,8 MN over the length of the bridge. The analysis of the model allows the determination of how the applied braking load is shared between the different piers and the abutments for progressively increasing values of the applied load (Fig. 11) ; it can be seen that the non-linearity of the response tends to equalise the contributions as the braking load increases.
The seismic demand considered was a 0,15 g earthquake, which might correspond to a 500 year return period in southern Spain; its response spectrum is shown in Fig. 12 . Because of the non-linearity of the problem, the analysis of the bridge had to be carried out by integration in the time domain, which therefore requires constructing the necessary accelerograms; this was done using the codes SIMQUAKE 21 and POSTQUAKE. 22 The earthquake duration was taken as 25 s.
The analyses conducted concentrate on the horizontal components of the earthquake as the response to a vertical excitation is not drastically different between conventional and integral designs. The relative motions between the tops of the piers and the ground, caused by the longitudinal component of the earthquake, are shown in Fig. 13; as seen from Fig. 7 , it was with after the first few seconds of the earthquake, as seen in Fig. 14. Although not shown for reasons of space, it is worth mentioning that of the energy introduced by the earthquake, over 30% is dissipated by plastic yielding. This observation should be kept in mind when conducting linear calculations for similar problems.
The relative pier-ground motions caused by the transversal component of the earthquake are shown in Fig. 15 . Table 1 presents a summary of the displacements produced by the earthquake at the various piers; the global values quoted are fairly conservative, as they have been obtained assuming that the peak displacements occur simultaneously in the longitudinal and transversal directions. The loads generated by the transverse component are shown in Fig. 16 , which indicates that for this component the central piers must carry considerably more load than the others. The dissipation of energy by plastic yielding is now around 20%, still quite important even if less than in the case of the longitudinal component. The good performance of integral bridges under earthquake loads is relatively intuitive, but has also been documented by a number of investigators in the past. ' 24 As a final note, no masses were introduced in the model to represent explicitly the mass of the abutment soil. This was thought unnecessary but, for verification, the analyses were repeated placing at each end of the deck a mass equal to one-third of the soil mass within the wingwalls; the peak transverse displacements were not affected, whereas the influence on the longitudinal ones was below 10%. When such effects are considered, the best way of accounting for them is to extend the finite-element mesh into the ground, placing nonreflecting boundaries at the end of the model. 
Conclusions
A number of investigations have been conducted on the response of abutments and reinforced concrete piers in integral railway bridges. The results have then been used to evaluate the global response of the bridges to two of the more significant loading scenarios that condition its design: the loads from emergency braking of trains and a 0,15 g earthquake event.
The work conducted allows proposing the following conclusions:
1. Integral bridges display a very good response during earthquakes, particularly in the longitudinal direction. Plastic yielding and other nonlinearities tend to reduce progressively the effects of any differences caused by pre-existing displacements arising from shrinkage, creep and temperature effects, thereby making the loads developed in the piers uniform. 2. For earthquakes in the transverse direction, the central piers tend to carry greater portions of the global load, but the fact remains that all piers and the two abutments contribute to transmitting the inertial loads to the ground, avoiding the hard points and stress concentrations of conventional designs. 3. The ductility provided by well designed integral bridges with reinforced concrete pillars is very significant. Associated with this, their energy dissipation characteristics are also fairly good, not only by radiation through the ground but also because of the non-linearities of the response of piers and abutments. 4. The response of integral bridges to large horizontal static loads, as imposed by the postulated emergency braking of trains, is also very good, because the initial differences between piers are erased and the applied load tends to be carried in a well-distributed manner. 5. A heuristic procedure has been constructed for dealing with soil-structure interaction at the abutments, while the response of cracked reinforced concrete piers has been modelled in some detail. Whether with these procedures or by borrowing information from concrete codes, with respect to which the detail models provided only moderate improvement, it is possible to assign realistic behaviours to piers and abutments in order to model the global response of the bridge. 6. However, in order to realise the full advantages of an integral design, it is difficult to avoid having to implement fully non-linear analysis procedures. This applies to the two loads for which the integral design provides a considerable advantage, namely the braking and seismic loads. 
